When crude membrane preparations from broth-grown Bacillus subtilis (ATCC 9372) were incubated with 20 p.p.m. technical chlordane inhibition of NADH oxidase reached 45 yo in only 3 min. and 75 yo after I h. Maximum inhibition was obtained at this concentration of chlordane. NADH : acceptor oxidoreductase (EC 1.6.99.-) of membrane preparations was insensitive to 20 p.p.m. chlordane. Disruption of the remainder of the electron-transport chain appeared to be general though more severe in the region between NADH dehydrogenase and cytochrome c. A generalized assay for ATPases revealed no sensitivity to chlordane over a concentration range 20 to IOO p.p.m. and a pre-incubation period of I h. The inhibition of TCA cycle enzymes observed, subsequent to the incubation of high-speed supernatant fluid with 20 p.p.m. chlordane, extended the range of chlordane-sensitive phenomena to enzymes other than those that are membrane bound.
I N T R O D U C T I O N
The growth of a range of Gram-positive bacteria is inhibited by technical chlordane (Trudgill & Widdus, 1970) . Growing cultures of Bacillus subtilis (ATCC 9372) treated with 20 p.p.m. technical chlordane ceased to grow and displayed a rapid decline in respiration rate (Trudgill, Widdus & Rees, I 97 I). The inhibition by organochlorine insecticides of metabolic activities associated with respiration has been reported by several workers. Saklin, Terriere & Remmert (1955) demonstrated the almost complete inhibition of TCA cycle activity of housefly homogenates by DDT at I 8 p.p.m. Their suggestion that oxidative phosphorylation was also directly inhibited seemed doubtful in view of the near constant P/O ratios obtained over a range of DDT concentrations. Johnston (195 I ) observed the inhibition of rat heart succinoxidase by DDT at 35 p.p.m. though transport of electrons from succinate to triphenyltetrazolium chloride was unaffected. Morrison & Brown (1954) reported the inhibition of cytochrome oxidase of the American cockroach by a and y-chlordane, aldrin and heptachlor at 400 p.p.m.; endrin at 32 p.p.m. was inhibitory to this enzyme in catfish (Colvin & Phillips, 1968) . Wineley & San Clemente (1970) reported the inhibition of cytochrome c oxidase activity of Nitrobacter agilis extracts by chlordane and heptachlor at 500 p.p.rn.
Na-K and Mg-ATPases of rat brain homogenates and insect tissues were inhibited by organochlorine insecticides including chlordane and DDT Koch, Cutkomp & Do, 1969; Patil, Matsumura & Bratkowski, 1969) which may in part be responsible for the disruptive effects which these compounds have on nervous transmission. Similar ATPase enzymes were responsible for ion transport and perhaps oxidative phosphorylation in bacteria. In the present paper we report results from the study of the effects of technical chlordane upon these respiration and energy associated metabolic activities of chlordane-sensitive Bacillus subtilis (ATCC 9372).
M E T H 0 D S
Organisms. Bacillus subtilis (ATCC 9372) was obtained from the National Collection of Industrial Bacteria, Aberdeen. Stock cultures were maintained on nutrient agar slopes.
Growth media. Organisms were grown in liquid culture on nutrient broth (Oxoid Ltd., London) at 30" and zoo rev./min. on a New Brunswick gyrotary shaker (New Brunswick Scientific Co., New Brunswick, New Jersey, U.S.A.).
Harvesting and disruption of bacteria. Bacteria were harvested from liquid culture by centrifuging at 25,ooog for 15 min. and washed by resuspension in the appropriate buffer. Washed bacteria resuspended in buffer (1.5 x cell vol.) were disrupted by exposure at oo to the output of a Dawe soniprobe, type 753oA (Dawe Instruments Ltd, London) for a suitable period or by passage through a French pressure cell with a pressure difference at the orifice of 20,000 lb./in.2.
Preparation of crude extracts. Broken bacterial suspensions were centrifuged at oo and 25,ooog for 15 min. The supernatant fluid and loose pellet fraction were decanted and subjected to further centrifugal fractionation.
Preparation of high-speed supernatant fluid and membrane fraction. The supernatant-loose pellet fraction from the 25,ooog centrifugation was centrifuged at 125,ooog and 2 ' for I h. The clear supernatant fluid was decanted and used for experiments with soluble enzymes; the pellet washed by resuspension in a suitable buffer followed by further centrifugation at 125,0009 was designated the crude membrane fraction and used for assay of cytochrome mediated respiration and ATPase activities.
Protein estimations. The protein content of extracts and membrane fractions was determined by the modified biuret procedure of Gornall, Bardawill & David (1949) .
Measurement of respiratory activities. Respiratory activities of crude membrane fragments were assayed as follows. NADH oxidase, the stimulation of 0, consumption that occurred when 2 pmole NADH were added to a 3 ml. reaction volume that contained I to 2 mg. of membrane preparation and phosphate buffer (0.1 M, pH 7-1) was followed with a Clark-type oxygen electrode in an agitated vessel maintained at 3 0 ' (Oxygen Monitor, model 53 ; Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio) ; NADH : acceptor oxidoreductase (EC I .6.99.-), the procedure of King & Howard (1967) was used in which the NADHstimulated reduction of 2,6-dichlorophenolindophenol by a suitable amount of membrane fraction was followed spectrophotometrically at 600 nm. and pH 8.5 (0.1 M-tris-HCl buffer) under anaerobic conditions ; NADH : triphenyltetrazolium chloride (TTZ) oxidoreductase, this activity roughly corresponding to NADH -+ cytochrome c oxidoreductase in most microorganisms (Brodie, 1955) was assayed by estimation of the coloured formazan produced upon reduction of TTZ. Anaerobic incubation mixtures contained, in final vol. 3 ml.: I to 5 mg. membrane preparation, 0.45 pmole of TTZ and phosphate buffer pH 7.1. Reactions at 30' were started by addition of 3 pmol NADH and terminated by addition of 5 ml. acetone and 5 ml. light petroleum (b.p. 40' to 60"), the formazan was then extracted into the organic layer by agitation and its extinction measured at 485 nm. Reduced tetramethylphenylenediamine (TMPD) oxidase : reduced TMPD is known to donate electrons to the cytochrome c region of mitochondria1 electron transport chains (Jacobs, 1960; Packer & Jacobs, 1962) and may thus be used to estimate cytochrome c oxidase activity. The oxidation of TMPD, reduced by addition of a minimum amount of Na ascorbate was fol-Action of chlordane on B. subtilis metabolism I7 lowed spectrophotometrically at 560 nm. Aerobic cuvettes contained, in 3 nil. reduced TMPD, 0.9pmole; membrane fraction, 0.2 to I mg. protein, and 0.1 M-tris-HCl buffer pH 8.0. Cuvettes in which the membrane preparation was omitted were used to correct for any autoxidation of the reduced TMPD. Adenosine triphosphatase (ATPase) activities. Membrane-bound ATPase activity was assayed by the method of Harold, Baarda, Baron & Abrams (1969) . Incubation tubes, at 37', contained in I ml. : 5 pmole ATP; 5 to 10 mg. membrane protein; 5 pmole MgCl,; 0.1 M-tris-HCl buffer, pH 73. Reactions were stopped by adding I ml. 10 yo (w/v) trichloroacetic acid. Denatured protein was then removed by centrifugation and the inorganic phosphate released estimated by the method of Fiske & Subbarow (1925) .
Measurement of tricarboxylic acid cycle enzyme activities. With the exception of succinate : acceptor oxidoreductase (EC I .3.99. I), for which the membrane fraction was used, tricarboxylic acid cycle enzymes were assayed spectrophotometrically with suitable dilutions of the high-speed supernatant fluid. The procedures used were: for citrate oxaloacetate lyase (EC 4 . I Ochoa, 1955 c) .
R E S U L T S

Eflects of chlordane on electron transport by membrane preparations
When chlordane 20 p.p.m. was given to Bacillus subtilis growing in nutrient broth growth was terminated and the rate of respiration rapidly diminished. Secondary phenomena included a delayed release of incorporated [14C]leucine and soluble enzymes in conjunction with a loss of viability and cell lysis (Trudgill et al. 1971 ). When crude membrane preparations from Bacillus subtilis were incubated with technical chlordane 20 p.p.m. an initially time-dependent inhibition of NADH oxidase was observed (Fig. I ). Only relatively minor increases in the degree of inhibition were obtained upon incubating the membrane preparation with chlordane for periods in excess of 3 min. (Fig. 2) . Increases in the amount of chlordane added produced no significant increase in the percentage inhibition obtained. Indeed very high levels (500 p.p.m.) were significantly less effective. The demonstrated maximum inhibition at a concentration in the range 20 to IOO p.p.m. (Fig. 2) correlated well with the inhibitory concentrations obtained with growing cultures (Trudgill et al. 1971) .
Investigation of the effects of incubation of membrane preparations with technical chlordane upon segments of the electron transport sequence of Bacillus subtilis is shown in Table I . Though the NADH dehydrogenase component was insensitive to chlordane when assayed as an NADH : acceptor oxidoreductase, studies of NADH : TTZ oxidoreductase and reduced TMPD oxidase did, on the basis that both the artificial electron donor and the artificial electron acceptor linked into the electron transport chain at the cytochrome c region, indicated a fairly non-specific but severe inhibition of electron transport throughout the sequence. The maximum inhibition observed with the cell-free systems correlated quite well with the inhibition of respiration observed when whole cells were incubated with chlordane for the same period (Trudgill et al. 1971) .
Efect of chlordane on enzymes of the tricarboxylic acid cycle
Enzymes of the tricarboxylic acid cycle present in 125,ooog supernatant fluid from brothgrown Bacillus subtilis were assayed as described in the Methods section. Chlordane effects were tested for by incubation of suitable samples of the supernatant fluid with 20 p.p.m. for I h. Control samples were incubated with parallel samples of acetone and inhibition where observed related to these controls. The results of these experiments are shown in Table 2 . Contrary to predictions made to anticipate lack of chlordane sensitivity of soluble enzymes, based on a lack of significant inhibition of L-ma1ate:NAD oxidoreductase (EC I . I . I . 37) when it was used as an indicator of increased cell permeability (Trudgill et al. I 971) , this more thorough investigation showed that L-malate: NAD oxidoreductase and isocitrate : NADP oxidoreductase were significantly inhibited and citrate (isocitrate) hydrolyase to be markedly inhibited by 20 p.p.m. chlordane. It would therefore appear that the provisonal suggestion that inhibition of whole cell respiration by chlordane was entirely due to physical disruption of the cytoplasmic membrane and consequent inhibition of electron transport (Trudgill et al. 1971 ) may need some modification and extension, A TPase activity of Bacillus subtilis membranes. Incubation of Mg2+ containing membrane fragments from French pressure cell disrupted B. subtilis with chlordane at 20 or IOO p.p.m. did not inhibit ATPase activity (Fig. 3) , contrasting with the reported inhibition of Na+-K+ and Mg2+-dependent ATPases of rat-brain homogenates (Koch, I 969 a, b) and Action of chlordane on B. subtilis metabolism I9 insect tissues Patil et al. 1969) by chlorinated insecticides. In spite of the danger of drawing inferences from in vitro systems this lack of sensitivity might be interpreted as indicating that neither energy mediated inorganic ion transport nor oxidative phosphorylation was critically crippled and responsible for the bacteriostasis which rapidly followed administration of chlordane to growing cultures, chlordane (0-0) for I h. before reaction was initiated by adding ATP. Reactions were terminated at the times indicated and the inorganic phosphate released estimated.
DISCUSSION
The marked inhibition of respiration associated with cessation of growth when chlordane at 20 p.p.m. was administered to growing cultures of Bacillus subtilis (Trudgill et al. 1971) is largely reflected in the inhibition of NADH oxidase observed with crude cell-membrane fragments both as regards the rapid onset of inhibition ( Fig. I) and the sensitivity of the system (Fig. 2) . NADH dehydrogenase of the membranes, measured with 2,6-dichlorophenol-indophenol as electron acceptor, is insensitive to chlordane. This lack of sensitivity may simply reflect disruption of transport chain component interaction which is manifest as an inhibition of NADH oxidase but obviously not applicable to an assay of the first enzyme of the sequence.
According to Brodie (1955) , TTZ withdraws electrons from cytochrome chains at a position equivalent to cytochrome c. Our results, while not indicating a specific site in Bacillus subtilis, verify that removal is on the O2 side of the vitamin K, since irradiation of membrane preparations with light of 365 nm. which destroys the vitamin K while doing relatively little damage to flavins (Kashket & Brodie, 1962) activity while not significantly affecting the NADH : (acceptor) oxidoreductase. In addition on the assumption that reduced TMPD donates electrons to the B. subtilis electron transport chain at the cytochrome c region, as is known to occur with mitochondria (Jacobs, 1960; Packer & Jacobs, 1962) , it appears that the inhibitory effect of technical chlordane on electron transport from NADH dehydrogenase to oxygen is of a general nature. Possibly somewhat greater sensitivity is displayed by the NADH dehydrogenase -+ cytochrome c region (Table I) .
Some parallel observations have been made by other workers. Wineley & San Clemente (1970) have reported inhibition of cytochrome c oxidase activity from cell-free systems of Nitrobacter agilis by chlordane and heptachlor at 500 p.p.m. Though the validity of a direct comparison of mitochondria1 and bacterial respiratory systems is always questionable it is perhaps more nearly tenable in the case of Bacillus subtilis because the sequences of electron transport components are nearly identical (Hall & Palmer, I 968). Inhibitions of cytochrome oxidases of American cockroach by chlordane (Morrison & Brown, 1954) and of that of catfish by endrin (Colvin & Phillips, I 968) parallel our observations, while the insensitive nature of NADH : cytochrome c oxidoreductase from catfish and succinate : triphenyltetrazolium chloride oxidoreductase from rat heart (Johnston, 195 I) suggest rather different regional sensitivity of the electron transport chain. Nelson & Williams (I 97 I ) presented evidence to show that chlordane and other cyclodienes inhibit growth of Saccharomyces cerevisiae by interfering specifically with oxidative metabolism.
Certain benzimidazole compounds are potent uncouplers of oxidative phosphorylation (Beechey, 1966) . ~,~,6,~-Tetrachloro-~-trifluoromethylbenzim~dazole (TTFB) is not only a potent uncoupler but bears some structural similarity to chlordane.
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It is tempting to envisage chlordane acting similarly as an uncoupler but this is, however, unlikely since chlordane does not possess the weakly acidic group necessary for this function (Weinbach & Garbus, 1969) . When, for example, the imino hydrogen of TTFB is replaced with a methyl group the uncoupling capability no longer exists (Buchel, Korte & Beechey, The marked inhibition of citrate (isocitrate) hydro-lyase (EC 4.2. I .3) and significant inhibition of isocitrate : NADP oxidoreductase and L-malate : NAD oxidoreductase which occur in the presence of 20 p.p.m. chlordane (Table 2) extends the range of possible sensitive sites that may contribute to the observed inhibition of whole cell respiration beyond the limits of membrane associated phenomena. Somewhat analogous results were indicated by the work of Sacklin, Terriere & Remmert (1955) who observed the inhibition of oxidation of 'mixed bag' of TCA cycle intermediates by homogenized housefly preparations with levels of 2,2,-bis (p-dichloropheny1)-r ,I, I-trichloroethane (DDT) which failed to inhibit electron transport.
Inhibition of Na-K-ATPase and Mg-ATPase activities of rat brain homogenates and insect tissues by organochlorine insecticides including chlordane and DDT have been impli-1965 Action of chlordane on B. subtilis metabolism 21 cated as important inhibitory phenomena (Koch, 1969a, b ; Koch et al. 1969; Patil et al. I 969) . While inhibition of either ATPase in Bacillus subtilis could be potentially disasterous to the organism as a result of disruption of ATP generation or active transport the lack of inhibition observed with crude membrane preparations (Fig. 3) contrasts with the results reported for mammals and insects.
Though marked inhibition of whole cell respiration by technical chlordane is reflected in the observed inhibition of subcellular particle electron transport and further compounded by inhibition of the TCA cycle, these factors alone do not explain the cessation of growth which rapidly follows the administration of chlordane to a growing culture.
Besides respiration and oxidative phosphorylation there are many activities associated with bacterial membranes which could be adversely affected by inhibition or by removal of control resulting from membrane distortion (Op Den Kamp, van Deenen & Tomasi, 1969) . The lack of effect of chlordane upon ATPase activities of isolated membrane fragments, coupled with the continued uptake of [14C]leucine by chlordane treated growing cultures (Trudgill et al. 1971) suggests that inhibition of active transport is not the immediate cause of cessation of growth.
It is clearly possible if, as suggested by Ryter (1968) , mesosomes of Bacillus subtilis, themselves membranous structures, are involved in translocation of the nuclei during cell division, that a chlordane-induced disruption of membrane integrity could prevent this critical phase of cell division from occurring.
Other membrane associated phenomena, including protein biosynthesis, are also potential targets but with the present conflict concerning membrane structure remaining unresolved (Stoeckenius & Engelman, 1969) a membrane-based explanation of cyclodiene toxicity to bacteria must be limited by the rather vague phrase 'deformation of structural integrity'.
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